A Savonius rotor can be used as a wind or water current energy conversion device that produces electricity. In spite of their simple structure and assembly, Savonius turbines have less commercial appeal than other types of turbines due to their relatively low energy conversion efficiency. In order to increase the output power of a Savonius turbine, most studies have only focused on optimization of the rotor configuration or installation of ancillary equipment around the rotor. However, previous research has found that a beneficial interaction that existed between two parallel Savonius turbines can also augment the power output of each rotor if they are rotating side by side. This paper numerically examines the interactions among multiple Savonius turbines with the help of the commercial computational fluid dynamics software FLUENT and finds that these coupling effects can effectively increase the overall power output of a Savonius turbine farm, especially when Savonius turbines are arranged relatively close together. Numerical results also indicate that the separation distance and relative phase angle between the two adjacent Savonius rotors can greatly influence this positive interaction between them. V C 2012 American Institute of Physics. [http://dx
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I. INTRODUCTION
A Savonius turbine is a type of engine that can extract energy from a flowing fluid such as water or air and was invented by the Finnish engineer Sigurd J. Savonius in 1922. It is a typical drag-type vertical axis turbine and usually consists of two or more half-cylinder blades forming a S-shape and rotating around a vertical axis. As wind and water current energy are gaining increasing importance throughout the world in order to promote the use of abundant renewable energy sources, the application of Savonius turbines has also attracted more and more attention. Figure 1 shows the cross-section of a conventional Savonius rotor. Although a Savonius rotor's structure is simple and has good self-start ability, the energy conversion efficiency of a traditional Savonius rotor is not only lower than that of a horizontal axis wind or water current turbine but lower than that of a lift driven vertical axis turbine such as the Darrieus rotor, 1 and thereby their application is not widespread. In order to improve the power performance of Savonius rotor, a lot of research has been conducted over the years and the methods being studied now mainly include geometry optimization of the rotor design, such as the shape of the blade, 2 blade overlap and gap, 3 and reduction of the anti-rotation torque of the rotor shaft through adding an extra object, like a duct 4 or flat plate. 5, 6 In addition, some researchers have also found through experimental studies [7] [8] [9] [10] that there exists a mutual coupling effect between two rotating Savonius rotors and this effect can considerably improve the power performance of each Savonius rotor without the need of additional equipment. Those findings indicate that a) Author to whom correspondence should be addressed. Electronic mail: dghuang@shu.edu.cn. for multiple Savonius turbines in a cluster, it may be possible to arrange them in relatively close proximity to each other in order to take full advantage of the positive interactions between them. However, there have been few studies conducted on the coupling effects among multiple Savonius rotors and the effect of parameters, namely separation distance and relative phase angle between the adjacent Savonius rotors, on their power performance. Therefore, this paper attempts to investigate the influence of interactions among multiple Savonius rotors on their power output and find some regular patterns useful for maximizing the energy production of Savonius turbines installed in groups or clusters.
II. NUMERICAL SIMULATIONS SET-UP
In spite of the simple structure of a Savonius rotor, the flow field around multiple rotors is very complex due to the unsteadiness of the complex rotor wake and their mutual interferences. Therefore, computational fluid dynamics (CFD) simulations were carried out with the FLUENT code in order to give insights into the flow around the rotating Savonius rotors. A single spinning Savonius rotor was simulated at first and used as a baseline case for subsequent simulations.
As the Savonius rotor has the same geometry in any cross-section, only 2D simulations were performed. The computational domain and typical grid structure used for one Savonius rotor simulation are shown in Figure 2 (a) with an enlarged view of grid around Savonius rotor in Figure 2 (b). The mesh grids near the blade surface were refined and a structured/unstructured hybrid grid was applied as shown in Figure 3 . In order to simulate the rotating rotor, the sliding mesh technique was utilized in the numerical model, and the computational domain was then split into three subdomains: a rotating zone 3, containing the rotor, and two fixed zones 1 and 2, containing the exterior. A careful grid independence study has been conducted to ensure accurate numerical results. In the present numerical calculations, a total of approximate 59 008 computational cells were found to be sufficient to provide grid-independent results for the simulation of a single Savonius rotor. The computational domain was considered to be large enough to ensure that its boundaries were placed sufficiently far from the calculation domain. The upstream boundary was 30D ahead of the simulated rotor and pressure inlet boundary conditions were used to define the fluid pressure at the flow inlet, along with all other scalar properties of the flow. The downstream boundary was at 60D from the rotor and a pressure boundary condition was set at the outlet as well. The upper and lower boundaries were 30D above and below the simulated rotor and symmetry boundary conditions were used on these. D was the diameter of the simulated rotor. The unsteady Reynolds-averaged Navier-Stokes equations were solved using the PISO algorithm for pressure-velocity coupling. Both continuity and momentum equations were discretized in a finite-volume formulation using a second-order upwind scheme. In order to select a suitable turbulence model, the numerical results obtained using different turbulence models were compared with the experimental results published in Ref. 11 , and finally the renormalization group (RNG) k-e turbulence model was used in all subsequent simulations conducted in this study. It should be noted that in order to compare the numerical results with experimental measurements reported in Ref. 11, the simulated Savonius turbine was used as a wind turbine and had the same geometric structure as that of rotor used in Ref. 11 . The relatively close agreement between the results of computational experiments and laboratory findings, as shown in Figure 4 , also suggested that the established numerical model can reproduce the essential properties of Savonius rotor and therefore can be used for subsequent simulations.
The fluid used in the subsequent simulations conducted was water and the Savonius turbine thus was used as a water current turbine whose diameter D was 1 m, as the water current or ocean current is relatively constant and flows in one direction only. The thickness of rotor blade t was 20 mm and the overlap ratio e d was set to 0.15, 12,13 which was the optimum value to allow the rotor to achieve better performance characteristics. In addition, the water velocity U 1 was set to 2 m/s, as initial studies 14, 15 suggested that for economic exploitation of ocean currents, velocities of at least 2 m/s would be required. Therefore, the Reynolds number R e , based on the . The maximum power coefficient calculated for a single (isolated) rotating Savonius rotor was C Piso ¼ 0.21 at a tip speed ratio k of about 1, when it was used as a water current turbine. This value of C piso will appear in later tables which are presented in Sec. III of this paper.
III. NUMERICAL RESULTS

A. Simulation of two Savonius rotors in parallel arrangement
Two Savonius rotors spinning side by side were simulated using the established numerical model. The effect of parameters such as rotation direction, gap width S, and relative phase angle / (h 1 -h 2 ) on the coupling effect between two Savonius rotors was studied. Figure 5 shows the three layout arrangements studied for two identical Savonius rotors running in parallel. In layout I, two Savonius rotors spin in the opposite direction of each other and the advancing blades of the rotors were placed in the gap between two rotors. In layout II, the twin rotors spin in opposite direction and the returning blades of the rotors were placed in the gap between two rotors. In layout III, the two rotors rotated in the same direction-counterclockwise.
Figures 6-8 demonstrate power coefficient curves of each rotor under different gap width S and relative phase angle /, respectively. In layouts I and II, the two Savonius rotors were installed in a symmetric configuration when their relative phase angle / is 0 and thus the flow field around two rotating rotors is also symmetric. The power outputs of two rotating rotors are equal to each other. However, when their relative phase angle / is not 0 , there is a two-way mutual interaction between two rotors and the performances of both Savonius rotors can be . By comparing the obtained results above, layout I, in which the two counter-rotating rotors have a relative phase angle / of 90 and their advancing blades are placed in the gap between two rotors, is found to be the best configuration for two Savonius rotors running in parallel. The maximum power coefficient of each rotor in layout I can increase by at most 37% compared to that of the rotor spinning alone if the optimum separation distance S is set between 0.2D and 0.4D. It also can be seen that the effect of S and / on the power performance of two rotors is obvious for layout I and the effect of / gradually becomes less pronounced with the increase of S. However, when the two parallel Savonius rotors rotate in layout II, the interaction between the two rotors does not apparently affect the power output of each rotor for the three small separation distances S (0.2D, 0.4D, 0.8D). The mutual interaction between the two rotors can even slightly degrade the power performance of the rotors when S is relatively small and / is smaller than 90
. However, the beneficial interaction between the two Savonius rotors appears when S becomes larger. If S is 1.2D and / is 0 , the maximum power coefficient of each rotor can slightly increase by 11% with respect to the single rotating rotor. In layout III, rotor 2 always has more superior power performance than rotor 1, and the effect of the mutual interaction between the two rotors becomes weak with the increase of S. It also seems that there is no optimum / when two Savonius rotors spin in the same direction. Two Savonius rotors running side by side have been studied numerically and three different configurations have been designed. In addition, the influence of geometric parameters such as the separation distance S and relative phase angle / between two rotors on their power performance has also been investigated. It has been found that there exists a coupling effect between two Savonius rotors when they rotate side by side. Compared to layouts II and III, the configuration, in which two rotors are arranged in layout I and also have an optimum relative phase angle of 90
, is thought to be the best layout for two parallel Savonius rotors, as the power output of both Savonius rotors can be considerably improved compared to a single rotating Savonius rotor due to a positive mutual coupling between two rotors. In addition, the variation of the separation distance S has only a slight influence on the power output of two rotors in layout I and thus they can also be placed relatively close to each other without compromising their power performance.
B. Simulation of two Savonius rotors in oblique arrangement
In order to avoid putting one turbine directly in the wake of another one in the first row of a tidal farm, two turbines could be in an oblique arrangement in clusters. Figure 9 shows two Savonius rotors in four possible oblique arrangements studied in this paper. In layouts IV and V, the downstream rotor is placed close to the returning blade of the upstream rotor, but the two rotors rotate in the opposite direction and the same direction, respectively. However, in layouts VI and VII, the downstream rotor is placed close to the advancing blade of the upstream rotor and the two rotors rotate in the opposite direction and the same direction, respectively. The separation distance S between the two rotors was set to 0.8D and the angle a between the line joining the centers of the rotors and the incoming flow was fixed to be 30 . As it has been found that the optimum tip speed ratio for a single Savonius rotor or two rotors rotating side by side and having a separation distance of 0.8D was about 1, the following simulations were then only conducted for this tip speed ratio in order to save on the number of computations. Table I shows the resulting power coefficients for each rotor rotating in the four oblique arrangements in Figure 9 at a tip speed ratio of 1 and for different relative phase angles. As can be clearly seen in Table I , the coupling effects between two Savonius rotors are a two-way interaction. The power coefficients of the rotors are quite sensitive to the different layouts. When the downstream rotor is placed obliquely above the upstream one, layout V is a better option, especially having relative phase angle of 0 . The rotors in layout VI with a relative phase angle of 90 can achieve higher average power coefficients than those in layout VII, and thus may be the optimum pattern if the downstream rotor is positioned obliquely below the upstream rotor.
C. Simulation of three Savonius rotors
A small cluster of 3 Savonius rotors was then simulated, trying to arrange them according to the optimum patterns identified in previous sections, and the power output of each rotor was calculated. The layouts being studied are shown in Figure 10 . In layout VIII, three Savonius rotors were placed in a line facing the incoming flow and any two neighboring rotors rotated in the opposite direction having a relative phase angle of 90
. Three rotors were also arranged in two rows with a single front turbine, as shown in layout IX. The simulations were conducted only at a tip speed ratio of 1 and the power coefficients of the rotors were calculated for different separation distances and relative phase angles as summarized in Tables II-IV, respectively. The power coefficients of rotors in layout VIII were all increased resulting in the overall performance improvement of the turbine farm as presented in Table II . If any two adjacent Savonius rotors rotate in the opposite direction and have a relative phase angle of 90 , the smaller separation distance can be applied to make use of the stronger coupling effects between them. It is also noted that for the middle rotor and the smaller separation distances, the interaction effects appear to be cancelled out and the power coefficients of rotor 2 is less than those 
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of rotors 1 and 3. The power coefficients of the three rotors in layout VIII appear to become almost identical as the separation distance between them becomes larger. In layout IX, if the downstream two Savonius rotors are placed obliquely to the upstream rotor at the optimum relative phase angles identified in Sec. III B, with a/2 ¼ 30 and S x is 1.6D, the average power coefficient of three Savonius rotors can reach up to 30.68%, which is shown in Table III and this value is even higher than those of rotors aligned on the same row across the water flow. In addition, the separation distance S x /D between the two rows of rotors in layout IX has considerable effect on the power performance of each rotor. From the results in Table IV , it can be seen that there exists an optimum S x (¼1.6D) at which the three Savonius rotors are arranged in a nearly equilateral triangle which means a in Figure 10 is 60 , and interactions among the rotors can result in the greatest increase in the total power output of Savonius turbines.
IV. DISCUSSIONS
For the purpose of comparison, the flow field around a single rotating rotor was shown in Figure 11 .
A detailed CFD analysis of the flow field around two rotating Savonius rotors was also conducted. Figures 12-14 show the velocity vector field around two Savonius rotors in layouts I, II, and III at S ¼ 0.2D and / ¼ 90 , respectively. It can be seen that the flow speed is accelerated when it goes through the middle region between the two Savonius rotors. If the two rotors are rotating in layout I and have a relative phase angle of 90 , the advancing blades in the middle region between the two rotors can redirect the accelerated fluid flow through the rotors more efficiently. In Figure 12 , the accelerated flow is initially deflected upward by the advancing blade of the lower rotor and acts directly on the advancing blade of the upper rotor. Thus, power augmentation can be expected on the upper rotor. As the rotor angle increases, the advancing blade of the upper rotor starts to deflect the accelerated flow downward to move along the advancing blade of the lower rotor. As a result, power augmentation of the lower rotor can be realized. Therefore, as this positive interaction alternatively occurs to the two rotors, changing from one to the other every 90 of the rotor rotation, the performance of both rotors will be improved. Figure 13 displays the velocity vectors at various times in the flow field around the two Savonius rotors that are counter-rotating in layout II and have a relative phase angle of 90 . As seen in Figure 13 , the fluid between the two rotors is also accelerated but the variation of the flow pattern due to the interaction between the two returning blades of the rotors is rather small when compared to Figure 12 . Thus, the coupling effect between the two rotors rarely affects the performance of both rotors. Figure 14 shows the velocity vectors at various times in the flow field around the two Savonius rotors that are co-rotating in layout III and have a relative phase angle of 90 at various times. When the gap width is small (S ¼ 0.2D) and the rotors operate at high tip speed ratios, the interaction between the advancing blade of the upper rotor 1 and the returning blade of the lower rotor 2 seems to hinder the rotation of the rotor 1 and considerably reduce its power output at high tip speed ratios. Nevertheless, with the increase in the gap width S, this interaction becomes weak and has less influence on the performance of rotor 1. In contrast, the rotation of the advancing blade of rotor 1 tends to deflect more incoming fluid toward the convex surface of the advancing blade of rotor 2 and, consequently, greatly increase its power output. Similarly, with increase in the gap width and this interaction becoming weaker, the magnitude of the increase in rotor 2's power output becomes smaller.
The flow field around two rotors in layouts V and VI, which are the optimum arrangements for the downstream rotor placed obliquely with regard to the upstream rotor, is also examined and shown in Figure 15 . It can be seen that in layout V, the water flow is bent behind the upstream rotor 1 possibly due to the magnus effect which is the phenomenon caused by a body 
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rotating in a viscous fluid, and this effect allows more flow to hit the advancing blade of the downstream rotor, thus providing the additional rotation of the downstream rotor. In layout VI, the rotation of the advancing blade of the upstream rotor can deflect more flow to the advancing blade of the downstream rotor 2, resulting in an increase in power output of rotor 2. On the other hand, the rotation of rotor 2 in layouts V and VI can accelerate the flow downstream of rotor 1 and thus generate much lower pressures behind rotor 1, which also allows rotor 1 to produce even more power.
V. CONCLUSIONS AND FUTURE WORK
The coupling effects among multiple Savonius rotors on their power performance are investigated with the aid of CFD modeling in this paper. The optimum arrangement for a pair of Savonius rotors is studied first. It has been found that the greatest power improvement for both of the rotors, which are set in a line perpendicular to the incoming flow, can be achieved if they rotate in the opposite direction with a relative phase angle of 90 and with their advancing blades placed in the gap between the two rotors. For such an arrangement, it is also possible to place the two rotors relatively close to each other. If two rotors are in an oblique arrangement, the relative phase angle between them has a noticeable effect on their power output. When the downstream rotor is mounted obliquely above the upstream rotor, the optimal arrangement will be that the two rotors are spinning in the same direction and have a relative phase angle of 0
. If the downstream rotor is obliquely below the upstream rotor, the two rotors need to rotate in the opposite direction and have a relative phase angle of 90 in order to achieve a positive interaction between them that can considerably increase the overall power output from the rotors. A group of three Savonius rotors are then simulated and any two adjacent rotors are positioned according to the optimal patterns identified above. Therefore, the layout of the three rotors can be more compact and the performance of a dense Savonius turbine cluster can greatly benefit from the interference among the rotors. It is worth noting that if Savonius rotors are arranged in multiple rows, there may be an optimum separation distance between the rows, which can cause the greatest increase in the total power output. In addition, it can be seen from the results obtained in this study that the interaction among Savonius rotors can be positive or negative, depending on the direction of relative rotational motion, separation distance, and relative phase angle between the rotors. Those findings would also be useful for other types of vertical axis water current turbine layout design, as previous studies have suggested that there also exist a mutual interaction between two Darrieus turbines, 16 and thus vertical axis turbines could be more closely spaced in a "farm" than horizontal axis turbines in order to take advantage of this effect. 17 Future work will include a numerical and experimental study of large groups of Savonius turbines in order to identify general and reliable rules that can be used for the optimization of a Savonius turbine farm layout. In addition, it is widely known that fish that swim in groups can automatically align themselves in certain configuration to optimize their forward propulsion by aid of the constructive hydrodynamic interference between neighboring fish. 18 Previous studies [19] [20] [21] suggest that the separation distance between adjacent fish and the relative movements of their tails are also important for optimizing their forward propulsion. Since there exist similarities between fish schooling and Savonius turbine operation, it might be advantageous to arrange Savonius turbines according to the shape of fish schools, and this possibility could be investigated further.
